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A B S T R A C T   
A series of accidents at the Fukushima Dai-ichi Nuclear Power Plant (1F NPP) following the Great East Japan 
Earthquake and tsunami of 11 March 2011 resulted in the release of radioactive materials to the ocean. We used 
the Regional Ocean Model System (ROMS) to simulate the 137Cs activity in the oceanic area off Fukushima, with 
the sources of radioactivity being direct release, atmospheric deposition, river discharge, and inflow across the 
domain boundary. The direct release rate of 137Cs after the accident until the end of 2016 was estimated by 
comparing simulated results with measured 137Cs activities adjacent to the 1F NPP. River discharge rates of 137Cs 
were estimated by multiplying simulated river flow rates by the dissolved 137Cs activities, which were estimated 
by an empirical function. Inflow of 137Cs across the domain boundary was set according to the results of a North 
Pacific Ocean model. Because the spatiotemporal variability of 137Cs activity was large, the simulated results 
were compared with the annual averaged observed 137Cs activity distribution. Normalized annual averaged 137Cs 
activity distributions in the regional ocean were similar for each year from 2013 to 2016. This result suggests that 
the annual averaged distribution is predictable. Simulated 137Cs activity attributable to direct release was in good 
agreement with measurement data from the coastal zone adjacent to the 1F NPP. Comparison of the simulated 
results with measured activity in the offshore area indicated that the simulation slightly underestimated the 
activity attributable to inflow across the domain boundary. This result suggests that recirculation of subducted 
137Cs to the surface layer was underestimated by the North Pacific model. During the study period, the effect of 
river discharge on oceanic 137Cs activity was small compared to the effect of directly released 137Cs.   
1. Introduction 
A series of accidents at the Fukushima Dai-ichi Nuclear Power Plant 
(1F NPP) following the Great East Japan Earthquake and tsunami of 11 
March 2011 resulted in the release of radioactive materials to the ocean 
by two major pathways, direct release from the accident site and at-
mospheric deposition. Another possible release pathway is river 
discharge, and in the regional ocean, the flux across the regional 
boundary is also important, because atmospheric deposition occurred 
over the entire North Pacific Ocean. 
Direct release rates have been estimated by several methods, but 
mainly by comparing measured 137Cs activity with activity simulated by 
numerical models (Estournel et al., 2012; Miyazawa et al., 2013; Tsu-
mune et al., 2012, 2013). In studies conducted soon after the accident, 
the estimated results of total amount of direct release showed large 
variation (0.94–27 PBq) (Masumoto et al., 2012; Tsumune et al., 2013), 
but in later investigations the variation was smaller (3–6 PBq) (Aoyama 
et al., 2016; Kumamoto et al., 2019). These uncertainties in the esti-
mated total amount of direct release are due to the difficulty in dis-
tinguishing between the effects of atmospheric deposition and direct 
release on the measured 137Cs activity. The 131I/137Cs activity ratio is 
useful for differentiating between these two release pathways (Tsumune 
et al., 2012), because in the case of direct release, this ratio is expected to 
decrease only as a result of the decay of 131I, which has a half-life of 8 
days. In contrast, in the case of atmospheric deposition, changes in the 
131I/137Cs activity ratio reflect the different transport and deposition 
processes affecting 131I, which is present as a gas or as small particles, 
and 137Cs, which is present as larger particles. Tsumune et al. (2012) 
estimated that the total amount of directly released 137Cs was 3.5 � 0.7 
PBq at the end of May 2011. Similarly, using the inverse method and an 
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ocean model, Estournel et al. (2012) estimated that the total amount of 
directly released 137Cs was 4.1–4.5 PBq from 12 March to 30 June 2011. 
Then, to reduce the bias in the representation of the measured 137Cs 
activity 30 km offshore, they added 1 PBq to their estimate, and the final 
estimated value was 5.1–5.5 PBq. The bias in the simulated 137Cs ac-
tivity 30 km offshore may have been due to the lack of consideration of 
atmospheric deposition. The atmospheric deposition rate of 137Cs onto 
the ocean at a regional scale was still unknown because of the lack of 
measurement data. The results of inter-comparisons among regional 
atmospheric transport models also showed large uncertainties in the 
simulated atmospheric deposition of 137Cs on the regional ocean (Sci-
ence Council of Japan, 2014). Tokyo Electric Power Company (TEPCO) 
calculated the flow rate of contaminated water from the hole in the wall 
of inlet canal of reactor 2 to be 4.3 m3 h  1 by using visual estimates of 
the distance, height, and diameter of the flow, and TEPCO measured the 
137Cs activity of the contaminated water to be 1.8 � 1012 Bq m  3 
(Japanese Government, 2011). TEPCO then multiplied the calculated 
flow rate by the measured 137Cs activity of the contaminated water and 
estimated the direct release rate from 2 to 6 April 2011 to be 1.9 � 1014 
Bq day  1. This value is similar to the value of 2.2 � 1014 Bq day  1 
estimated by Tsumune et al. (2013) at the same period. Kanda (2013) 
estimated the direct release rate of 137Cs from the estimated exchange 
rate of seawater and the measured 137Cs activity within the 1F NPP 
harbour to be 9.3 � 1010 Bq day  1 in summer 2011 and 8.1 � 109 Bq 
day  1 in summer 2012. Kanda (2013) pointed out that the direct release 
was continuous through September 2012 because the measured 137Cs 
activity continued to be higher adjacent to the 1F NPP compared with 
that in the surrounding area and with that before the 1F NPP accident. 
Machida et al. (2019) used the same method as Kanda (2013) to estimate 
the direct release rate through June 2018. In addition, Maderich et al. 
(2014, 2018) used a box model approach, rather than fine-scale nu-
merical modelling, to conduct long-term simulations of 137Cs activity in 
the north-western Pacific. 
Kitamura et al. (2014) estimated the discharge rate of 137Cs from 
rivers to the ocean by numerical modelling. In river water, 37Cs occurs 
mainly in particulate form, but particulate 137Cs discharged to the ocean 
sinks immediately to the seabed (Kakehi et al., 2015); thus, the dissolved 
137Cs discharge is more important in investigations of the effect of river 
discharge on oceanic 137Cs activity. Although recent studies have started 
to focus on dissolved 137Cs in rivers (Tsuji et al., 2016; Nakanishi and 
Sakuma, 2019; Taniguchi et al., 2019), owing to the large temporal 
changes in oceanic 137Cs activity and the continued direct release from 
the 1F NPP site, the amount of dissolved 137Cs supplied to the ocean 
from rivers is still unknown. 
Another source for a regional-scale ocean model is the inflow of 137Cs 
initially deposited outside of the model domain. Tsumune et al. (2013) 
estimated the contribution of such inflow on 137Cs activity in the 
regional ocean from the North Pacific model results (Tsubono et al., 
2016) and found that one year after the 1F NPP accident the effect of the 
inflow of 137Cs derived from the 1F NPP accident was negligible (Tsu-
mune et al., 2013), and that after the first year inflow of 137Cs derived 
from the atmospheric nuclear weapons test was dominant. 
In this study, the direct release rate was estimated to the end of 2016. 
In addition, river discharge rates from 16 rivers during 2013–2016 were 
empirically estimated by using simulated river flow rates and estimated 
dissolved 137Cs activities in the rivers (Taniguchi et al., 2019) (there 
were insufficient measurement data from the rivers for 2012 and 
earlier). Inflow across the domain boundary of the regional ocean model 
was obtained from the North Pacific Model results (Tsubono et al., 
2016). We conducted regional ocean model simulations to investigate 
the effects on the surface 137Cs distribution in the regional ocean of 
direct release and cross-boundary inflow from March 2011 to December 
2016, and of river discharge from January 2013 to December 2016. We 
examined the effects on the surface distribution only, because we did not 
have enough observation data on the vertical distribution of 137Cs ac-
tivity. During the study period, there was large variation in the 137Cs 
distribution off the Fukushima coast caused by synoptic-scale wind 
fluctuations and, in the Kuroshio-Oyashio mixed water region, 
Fig. 1. (a) Positions of the 1F NPP, 2F NPP, the 
Iwasawa coast, and the mouths of 26 rivers (A, 
Kitakami; B, Kyu-Kitakami; C, Naruse; D, Nakakita; 
E, Natori; F, Abukuma; G, Uda; H, Mano; I, Niida; 
J, Ota; K, Odaka; L, Ukedo; M, Maeda; N, Kuma; O, 
Tomioka; P, Ide; Q, Kido; R, Natsui; S, Fujiwara; T, 
Same; U, Okita; V, Hananuki; W, Jyuo; X, Kuji; Y, 
Naka; and Z, Tone). Domains of (b) the river runoff 
model, showing the river network grey lines 
outline the individual river catchments, and (c) the 
regional ocean model, showing the depth distri-
bution. The river network in (b) is based on 
1:200,000 Topographic Maps provided by the 
Geospatial Information Authority of Japan.   
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mesoscale eddies. Therefore, we calculated annually averaged 137Cs 
distributions to investigate the effects of direct release, across-boundary 
inflow, and river discharge on the 137Cs distribution. We ignored 137Cs 
fluxes due to groundwater discharge and desorption from bottom sedi-
ment because data for the whole region included in this study were too 
few to estimate these fluxes. 
2. Method 
2.1. Ocean model 
We used the Regional Ocean Modelling System (ROMS) (Shche-
petkin and McWilliams, 2005) to simulate ocean dispersion of 137Cs 
released from the 1F NPP reactors off Fukushima. Model settings were 
similar to those used previously (Tsumune et al., 2013). The model 
represented the reasonable distribution of 137Cs up to February 2012. 
The objectives of this study were to investigate the effect of riverine 
input and to extend the simulation period to the end of 2016 by the 
previous model. The ROMS is a three-dimensional Boussinesq 
free-surface ocean circulation model formulated using terrain-following 
coordinates. In this study, the model domain covered the oceanic area 
off Fukushima (35�540N–40�000N, 139�540E  147�000E) (Fig. 1(c)), and 
the horizontal resolution was set to 1/120� (about 1 km) in both zonal 
and meridional directions because a fine-scale model is necessary to 
represent submesoscale mixing (Kamidaira et al., 2018). The vertical 
resolution of the σ coordinate was 30 layers. The ocean bottom was set at 
a depth of 1,000 m to reduce the computer resources needed for the 
simulation. The model was forced at the sea surface by wind stress and 
by heat and freshwater fluxes, the values of which were acquired by a 
real-time nested simulation system (Numerical Weather Forecasting 
and. Analysis System (NuWFAS); Hashimoto et al., 2010) of the Weather 
Research and Forecasting Model (WRF) (Skamarock et al., 2008), a 
global spectral model used for numerical weather prediction by the 
Japan Meteorological Agency (JMA). The horizontal resolution of this 
system was 5 km in both the zonal and meridional directions, and the 
time step of the output from the real-time simulation system was 1 h. 
During the simulation, horizontal currents, temperature, salinity, 
and sea surface height along the open boundary were restored to the 
Japan Coastal Ocean Prediction Experiment 2 (JCOPE2) reanalysis data 
(Miyazawa et al., 2009), which have a horizontal resolution of 1/10�. To 
represent mesoscale eddies during the simulation period, temperature 
and salinity in the higher resolution (1/120�) ROMS were nudged to the 
JCOPE2 reanalysis results without coastal zone where the depth is less 
than 150 m to simulate the effect of the freshwater flux from rivers. As a 
strong constraint on the representation of mesoscale eddies and the 
Kuroshio Current, the nudging parameter was set at 1 day  1. In the 
initial conditions, temperature, salinity, horizontal current velocities, 
and sea surface height were set by using the JCOPE2 reanalysis output. 
We modelled 137Cs as a passive tracer whose movement into the ocean 
interior was controlled by advection and diffusion. We assumed that the 
137Cs activity in seawater decreased as a result of radioactive decay with 
a half-life of 30.1 years. 
2.2. Estimation of the direct release rate 
The direct release rate of 137Cs was estimated by comparing simu-
lated results with 137Cs activities measured adjacent to the 1F NPP site 
(at the discharge from units 5 and 6 and from the south discharge canals) 
(Tsumune et al., 2012, 2013),  
[Direct release rate (Bq day  1)]                                                                 
¼ [Measured 137Cs activity (Bq m  3)]                                                       
/ [Simulated 137Cs activity with unit release (1 Bq day  1) in the release mesh 
((Bq m  3)/(Bq day  1))]                                                                          
We employed 137Cs activities measured adjacent to the 1F NPP site 
once per week by TEPCO by the ammonium molybdophosphate method 
(Aoyama and Hirose, 2008) which has a low detection limit (http 
://www.tepco.co.jp/en/nu/fukushima-np/f1/smp/index-e.html). The 
137Cs activity was measured at two points along the coast, the discharge 
from units 5 and 6 (i.e., the 5,6 discharge) and south discharge canals, 
whereas the area of the release mesh used in the 137Cs simulation was 
about 1 km � 1 km and included the 1F NPP harbour. The presence of 
the harbour caused the dilution of 137Cs in the release mesh area (about 
1 km � 1 km) of the actual ocean to be enhanced. Therefore, 137Cs ac-
tivities measured at these sampling points were used to represent the 
activity in the release mesh area. Where there is no harbour, a simula-
tion with a finer mesh might be necessary to estimate the direct release 
from the measured 137Cs activities along the coast. Because of oceanic 
current changes, measured 137Cs activities varied over 3–4 days along 
the Fukushima coast. Therefore, a curve fitted to 137Cs activities 
measured over a period of more than 1 week was suitable for the esti-
mation. The simulated 137Cs activities per unit release ((Bq m  3)/(Bq 
day  1)) were acquired from the results of the ROMS. The direct release 
rate is thus proportional the curve fitted measured 137Cs activities 
adjacent to the 1F NPP. 
2.3. Estimation of the river discharge rate 
Because our focus was on the effects of river discharge on oceanic 
137Cs, we calculated the river discharge rate of dissolved 137Cs by 
multiplying the river flow rate by the dissolved 137Cs activity in the 
river. 
2.3.1. River flow rates 
River flow rates were calculated by applying a distributed runoff 
analysis model to the basins of 26 rivers (listed in Fig. 1(a)) around the 
1F NPP. The runoff analysis model used for the river network (Fig. 1(b)), 
which has a horizontal resolution of 1 km � 1 km, considers the vege-
tation distribution and land use in each mesh (Toyoda and Hirakuchi, 
2009), calculates the water balance between rainfall and runoff, and 
performs radiation and heat balance calculations to estimate evapo-
transpiration. In this study, meteorological data such as precipitation 
input into the model to use for the atmospheric driving force were ob-
tained by interpolating the JMA reanalysis data. Interception evapora-
tion in forest areas was calculated by using a vegetation tank model. The 
amount of snowmelt water (snowmelt tank) was calculated by using the 
snowmelt components of the radiation balance, sensible heat, latent 
heat, rainwater, and geothermal. A three-stage tank model was used to 
model underground flow: surface layer, unsaturated zone, and saturated 
zone. A one-dimensional kinematic wave model was used to model flow 
in river channels. 
2.3.2. 137Cs activity in rivers 
We employed the following empirical equation to estimate the dis-





where Cd(t) is the dissolved 
137Cs activity (Bq m  3); t is time (year); D is 
the 137Cs inventory (Bq m  2) in the catchment area; B is a coefficient 
that differs for each river; λ is the exponential decay constant; and Kd is 
the distribution coefficient. Taniguchi et al. (2019) used different values 
of λ for the first (between June 2011 and March 2012) and second 
(between April 2012 and August 2015) periods. We used the second 
value from 2013 to 2016 because the period March to May 2011 was not 
included in the first period. We thus set λ to 0.29 (apparent half-life of 
2.4 years) to estimate the dissolved 137Cs activity in the rivers. We used 
Kd ¼ 2 � 10
5 (Bq kg  1)/(Bq L  1) from the values in Taniguchi et al. 
(2019) to adjust the observed dissolved 137Cs activity in rivers shown 
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later (Fig. 4). We used 137Cs inventories in catchment areas estimated by 
aerial monitoring by the Nuclear Regulation Authority (NRA)(Sanada 
et al., 2018). We estimated the dissolved 137Cs activity of 16 rivers 
(Abukuma, Uda, Mano, Niida, Ota, Odaka, Ukedo, Maeda, Kuma, 
Tomioka, Ide, Natsui, Fujiwara, Same, Okita, and Kuji; Fig. 1(a)) 
because the 137Cs deposition amount was very small in the basins of the 
other 10 rivers. We estimated the dissolved 137Cs activity in these 16 
rivers from 2013 to 2016 to investigate the effects of riverine input on 
137Cs activity in the ocean. The supplied 137Cs was immediately trans-
ported out of the simulation area, therefore riverine input before 2013 
was not affected 137Cs activity in the ocean after 2013. 
2.4. Current measurement 
The ocean current was measured by an Acoustic Doppler Current 
Profiler (ADCP; 600 Hz, RDI) from 8 October to 10 December 2014 and 
from 22 April to 25 June 2015, at a point about 5 km south and 2.8 km 
offshore from the 1F NPP (37�22.60N, 141�3.70E). The ADCP was set on 
the seafloor at a water depth of 21 m. 
3. Results and discussion 
3.1. Direct release rate 
Fig. 2 shows measured 137Cs activities adjacent to the 1F NPP (at the 
5,6 discharge and south discharge canals). By analysing the 131I/137Cs 
activity ratio, Tsumune et al. (2012) estimated that direct release started 
on 26 March 2011. They attributed the measured 137Cs activity before 
then to atmospheric deposition because the 131I/137Cs activity ratio was 
variable (see Section 1). The 137Cs activity increased on 26 March 2011 
with the start of direct release and decreased on 6 April 2011, when 
visible release ceased following the injection of water glass (an aqueous 
sodium silicate solution) into a pit near reactor 2 (Japanese Govern-
ment, 2011). The rate of decrease corresponded to the exchange rate of 
water in the harbour (Kanda, 2013), which was estimated to be 0.44 
day  1. On a shorter timescale (3–4 days), 137Cs activity varied over one 
order of magnitude because of oceanic current changes. After November 
2011, the 137Cs activity continued to decrease exponentially at same λ 
value (λ ¼ 0.73). The 137Cs activity C (Bq m  3) due to direct release is 
expressed by the following equation: 
CðtÞ ¼ 3:5� 103eð  0:73tÞ (2)  
where t is time (year). The apparent half-life was 346 days. 
The direct release rate of 137Cs is proportional to the exponential 
fitting curve of the measured 137Cs activity adjacent to the 1F NPP. 




5:0� 10  8 CðtÞ (3) 
Fig. 2. Measured 137Cs activity adjacent to the 1F NPP site (at the 5,6 discharge and south discharge canals).  
Fig. 3. The direct release rate curve estimated in this study and by Kanda (2013) and Machida et al. (2019).  
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Fig. 3 shows the estimated direct release rate curve for 26 March 
2011 to 31 December 2016 (Table S1) along with estimates by Kanda 
(2013) (June 2011 to September 2012) and Machida et al. (2019) (April 
2011 to December 2016). In the early period, the direct release rate of 
137Cs was estimated to be 2.2 � 1014 Bq day  1, and it decreased expo-
nentially with time, reaching 3.9 � 109 Bq day  1 by the end of 2016. The 
estimated total amount of directly released 137Cs from 26 March 2011 to 
31 December 2016 was 3.6 � 0.7 PBq. Tsumune et al. (2013) also 
estimated the total amount of directly released 137Cs to be 3.6 � 0.7 PBq 
during the first year after the accident. Thus, the continuing direct 
release did not increase the total amount of 137Cs released by the end of 
2016. Machida et al. (2019) used Kanda’s method (Kanda, 2013; see 
Fig. 4. Measure (points) and estimated (lines) 137Cs activity in rivers (Uda, Ota, Ukedo, and Tomioka).  
Fig. 5. Total amount of 137Cs discharge from 16 rivers around the 1F NPP from 2013 to 2016.  
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Section 1) and the measured 137Cs activity at the 1F NPP harbour to 
estimate the direct release rate from April 2011 to December 2016. The 
direct release rates estimated by using the measured 137Cs activity 
adjacent to the 1F NPP were generally larger than the rates estimated by 
using the measured 137Cs activity in the harbour. The trend of the esti-
mated direct release rate in this study, however, was in good agreement 
with those estimated by Kanda (2013) and Machida et al. (2019). 
3.2. River discharge 
The river discharge rate of dissolved 137Cs was obtained by multi-
plying the flow rate of the river water by the dissolved 137Cs activity in 
the river water. The 137Cs activity of river water was calculated for the 
16 rivers listed in Section 2.3.2 by using equation (1), an empirical 
equation based on the deposited 137Cs inventory in the basin (Taniguchi 
et al., 2019). In four rivers (Nakanishi and Sakuma, 2019), the Uda, Ota, 
Ukedo, and Tomioka rivers (Fig. 4), we compared the estimated dis-
solved 137Cs activity with the measured activity. In the Ota and Ukedo 
rivers, the measured 137Cs activities were greater than 100 Bq m  3. In all 
four rivers, the measured 137Cs activities varied seasonally and increased 
in summer (Tsuji et al., 2016). The estimated dissolved 137Cs activities 
were generally in good agreement with observations, although the 
estimation method did not take account of the seasonal fluctuations. 
The estimated total amount of dissolved 137Cs from the three rivers 
around the 1F NPP with large dissolved 137Cs discharge rates during 
2013–2016 was 3.6 � 1011 Bq for the Abukuma River, 3.4 � 1011 Bq for 
the Ukedo River, and 4.3 � 1010 Bq for the Ota River (Fig. 5). The large 
discharge rates of these rivers reflect high flow volume, in the case of the 
Abukuma River, and high dissolved 137Cs activities, in the case of the 
Ukedo and Ota rivers. The discharge rates of the other rivers were all 
below 1.0 � 1010 Bq. The total estimated amount of dissolved 137Cs 
discharged from all 16 rivers from 2013 to 2016 was 1.1 � 1012 Bq, 
which is an order of magnitude less than the estimated direct release 
amount during the same period of 1.4� 1013 Bq. 
In three major rivers (the Abukuma, Niida, and Ukedo rivers), tem-
poral variabilities of the dissolved 137Cs discharge rate were large 
because of large intra-annual variability in the river flow rates (Fig. 6). 
The dissolved 137Cs activity decreased exponentially from 2013 to 2016 
with an apparent half-life of 2.4 years, but the river flow rates did not 
exhibit interannual variability. Therefore, the dissolved 137Cs discharge 
rates from the rivers also decreased with an apparent half-life of 2.4 
years. In contrast, the direct release rate of dissolved 137Cs decreased 
with an apparent half-life of 1 year. On 31 December 2016, the direct 
release rate was 1.6 � 109 Bq day  1, which is an order of magnitude 
higher than the dissolved 137Cs discharge rate of the Abukuma and 
Ukedo rivers of 1.0 � 108 Bq day  1. 
3.3. Flow field 
The velocity of the north–south component of current flow along the 
coast is dominant, whereas that of the east–west flow component is 
small. We thus compared observed and simulated velocities of the 
north–south component of the current adjacent to the 1F NPP, and we 
also examined the velocity difference between simulations with and 
without river discharges, from 8 October to 10 December 2014, and 
from 22 April to 25 June 2015 (Fig. 7). The discharges of the Niida, Ota, 
Ukedo, Kuji, Natui, Okita, Uda, and Tomioka rivers, which are among 
the 16 rivers closest to the 1F NPP, are also shown in Fig. 7. The simu-
lation reproduced well the dominant north–south flow component and 
the change in current direction every 3–4 days. In addition, the 
strengthening of the southward current by the inflow of freshwater from 
the rivers was reproduced for days when river discharge was relatively 
large and current velocity was southward (14–17 October 2014, 31 
October to 7 November 2014, 25–27 November 2014), although the 
enhancement of the southward current was small. In other words, the 
effect of the freshwater flux on the simulated ocean current adjacent to 
the 1F NPP was small because the river flow rates from the second-class 
rivers in the vicinity of the 1F NPP were small. Simulated current ve-
locities both with and without rivers were in good agreement with 
observation. 
3.4. Temporal change of 137Cs activity 
Fig. 8 compares 137Cs activities measured at the 5,6 discharge and 
south discharge canals with simulated 137Cs activities adjacent to the 1F 
NPP site from 26 March 2011 to 31 December 2016. Simulated 137Cs 
activities attributable to direct release were in good agreement with 
measured activities because the direct release rate was tweaked by the 
137Cs activities measured at these points. Simulated 137Cs activities 
varied by one order of magnitude at short time scales because of oceanic 
Fig. 6. Estimated dissolved 137Cs discharge rates from three major rivers, the Abukuma, Niida, and Ukedo rivers and the direct release rate from the 1F NPP site from 
2013 to 2016. 
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Fig. 7. Simulated current velocities, with and without river discharges, compared with the current velocity observed by ADCP adjacent to the 1F NPP (top), dif-
ferences of velocity between simulations with and without rivers (middle), and discharges of rivers adjacent to the 1F NPP (bottom) from (a) 8 October to 10 
December 2014 and (b) 22 April to 25 June 2015. 
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current changes, even though the temporal variability of the estimated 
direct release rate was small. The temporal variability of simulated 137Cs 
activities attributable to direct release was also in good agreement with 
the temporal variability of measured activities; this result implies that 
the estimated direct release rate is reasonable. 
Fig. 9 shows measured and simulated 137Cs activities at the 
Fukushima Dai-ni Nuclear Power Plant (2F NPP), at a point 3 km 
offshore of 2F NPP, and offshore of Iwasawa. The 2F NPP and the 
Fig. 8. Measured 137Cs activities at the 5–6 (north) and south discharge canals near the 1F NPP and simulated 137Cs activities in the mesh adjacent to the 1F NPP site.  
Fig. 9. Measured 137Cs activities at the 2F NPP north discharge canal (10 km south of the 1F NPP site), 3 km offshore of the 2F NPP, and offshore of Iwasawa (16 km 
south of the 1F NPP site), and simulated 137Cs activities at the 2F NPP and at Isawa. The thick lines show the simulation results, and the thin lines show the 14-day 
moving average (MA) of the simulation results. 
Fig. 10. Schematic map showing the locations of the observation points at the 
2F NPP and 3 km offshore of the 2F NPP, and the simulation mesh at the 
2F NPP. 
Fig. 11. Measured 137Cs activities offshore of the Tomioka port on 29 August 
2014 along 37�20.140N. 
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Fig. 12. Annual averaged measured and simulated surface 137Cs activity in the nearshore region adjacent to the 1F NPP in 2013, 2014, 2015, and 2016.  
Fig. 13. Annual averaged measured and simulated surface 137Cs activity in the offshore region during 2013, 2014, 2015, and 2016.  
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Iwasawa coast are located 10 km and 16 km south of the 1F NPP, 
respectively. Although the temporal trends of the simulated and 
measured 137Cs activities were in good agreement, simulated 137Cs ac-
tivities were underestimated compared to the measured activities. The 
2F NPP and Iwasawa coast sampling points were immediately adjacent 
to the coast, whereas the simulation estimated the averaged 137Cs ac-
tivity in one simulation mesh (about 1 km � 1 km) (Fig. 10). Fig. 11 
shows 137Cs activities measured off Tomioka port, which is located be-
tween the 1F NPP and the 2F NPP, on 29 August 2014. The samples were 
collected at 100–200 m intervals along a transect (~1 km long) normal 
to the coast. The measured 137Cs activity decreased exponentially over a 
distance of ~1 km in an offshore direction from the coast (i.e., sub-grid 
scale). Therefore, the simulated 137Cs activities were generally smaller 
than the measured activities. Moreover, they were between those 
measured at the 2F NPP discharge canal and those measured 3 km 
offshore of the 2F NPP. A model simulation at finer resolution would 
thus be necessary to represent the detailed activity distribution along the 
coast. In addition, waves can also affect nearshore material transport. 
The 137Cs activities measured at the 2F NPP and at Iwasawa peaked in 
summer (Fig. 9). These peaks may reflect a change in the direct release 
rate, or one in the transport process from the 1F NPP to the 2F NPP and 
Iwasawa coast, or both. The simulated 137Cs activities at the 2F NPP and 
Iwasawa coast, however, did not show corresponding peaks, even 
though the model can represent the transport process along the coast 
well (Tsumune et al., 2012). Thus, the peaks in the measured 137Cs ac-
tivity in summer may be due to a change in the direct release rate. 
Precipitation increases in summer in the Fukushima area, so the seasonal 
change in the direct release rate might be related to precipitation 
changes. In this study, we did not consider seasonal changes in our 
estimation of the direct release rate, but it may be important for the one 
after 2017 for a future study. 
3.5. Annual average 
We examined the accuracy of the simulated surface 137Cs activity 
distribution from 2013 to 2016. During that period, the direct leakage 
rate was decreasing exponentially, and surface 137Cs activity offshore 
was not influenced by atmospheric deposition. Surface 137Cs activity 
distributions were spatially heterogeneous, however, and they also 
fluctuated temporally because of surface wind and mesoscale eddy 
changes. Therefore, to evaluate the accuracy of the simulation, we 
calculated the annual averaged surface 137Cs activities and then 
compared nearshore (Fig. 12) and offshore (Fig. 13) annual averaged 
measured surface 137Cs activities with the simulated nearshore and 
offshore activities, respectively, without river discharge in 2013, 2014, 
2015, and 2016. In this comparison, we used archived measurement 
data from TEPCO (http://www.tepco.co.jp/en/nu/fukushima-np/f1/ 
smp/index-e.html) and the Nuclear Regulation Authority (https: 
//radioactivity.nsr.go.jp/en/) and data published by Takata et al. 
(2016). As 137Cs is transported southward, it spreads along the coast 
under the influence of the Coriolis force. In contrast, when 137Cs is 
advected northward, it spreads toward the northeast, away from the 
coast, as a result of shelf wave propagation. Fig. 14 shows the annual 
averaged distribution of simulated 137Cs activity normalized by the 
maximum 137Cs activity in the release mesh adjacent to the 1F NPP site. 
The distribution patterns were similar among the years even though 
reanalysis data of each year were employed as the driving force of the 
ROMS. This result indicates that the interannual variability of surfa-
ce137Cs activity distribution is small in this area. Therefore, if informa-
tion on the release rate is available, the annual averaged 137Cs activity 
distribution should be predictable by this simulation. 
The results of the comparison between nearshore and offshore 
measured and simulated surface 137Cs activities in 2013, 2014, 2015, 
and 2016 (Fig. 15) showed that the simulated results were generally in 
good agreement with observations. The simulated results for 2015 and 
2016 were underestimated compared with the observation in the area 
where 137Cs activity was less than 10 Bq m  3. The cause of this under-
estimation was not underestimation of the direct release rate, but it is 
possible that inflow of 137Cs across the domain boundary due to recir-
culation in the North Pacific was underestimated. The effect of such 
inflow of 137Cs derived from the 1F NPP accident was negligible one year 
after the 1F NPP accident (Tsumune et al., 2013), but recent studies have 
shown that 137Cs activity along the Japanese coast increased after 2012 
as a result of recirculation in the North Pacific (Aoyama et al., 2017; 
Inomata et al., 2018). The North Pacific model which were used to 
represent inflow across the ROMS domain boundary, did not reproduce 
recirculation processes around the Japanese coast, therefore this model 
result did not reflect 137Cs derived from recirculation (Tsubono et al., 
2016). 
In the comparison between measured and nearshore surface 137Cs 
activity simulated with and without river discharge in 2013, 2014, 
2015, and 2016 (Fig. 16), the surface 137Cs activities simulated with 
river discharge were not very different from those simulated without 
river discharge, although surface 137Cs activities simulated with river 
discharge were slightly smaller than those simulated without river 
discharge at some points because of oceanic current changes. This result 
implies that direct release was dominant in comparison with river 
discharge as a source of ocean surface 137Cs activity. The apparent half- 
life of directly released 137Cs (346 days), however, was shorter than that 
of the river discharge (2.4 years), so it is likely that an effect of river 
discharge on oceanic 137Cs activity will be detected in the future even 
though the 137Cs activity will be very low. 
Fig. 14. Annual averaged distribution of 137Cs activity normalized by the 
maximum 137Cs activity in front of the 1F NPP site. Red lines show the 1/10 
contours, and blue lines show the 1/100 contours for each year. The 1/100 
contour for 2016 is missing because the 137Cs activity in that year was less than 
the background 137Cs activity of 1 Bq m  3. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Annual direct release of 137Cs, annual river discharge of 137Cs, 
annual averaged 137Cs inventory in the model domain are summarized 
in Table 1. The annual direct releases of 137Cs were larger than the 
annual river discharge from 2013 to 2014. The volume of the model 
domain is about 2.69 � 1014 m3. Annual averaged inventory in the 
model domain was affected by direct release in 2011. After 2013, direct 
release and river discharge did not increase the annual averaged 137Cs 
inventory in the model domain. The annual averaged 137Cs inventory 
was affected by the background 137Cs activity derived from global 
fallout due to atmospheric weapons tests before the 1F NPP accident. 
4. Summary 
The estimated direct release rate of 137Cs from 26 March 2011 to 31 
December 2016 was initially 2.2 � 1014 Bq day  1, and it decreased 
exponentially with time, reaching 3.9 � 109 Bq day  1 by the end of 
2016. After November 2011, the direct release rate decreased expo-
nentially with an apparent half-life of about 1 year. The total leakage 
during the first year was estimated to be 3.6 � 0.7 PBq, and the esti-
mated total leakage remained the same after 6 years. The total estimated 
amount of dissolved 137Cs discharged from 16 rivers from 2013 to 2016 
was 1.1 � 1012 Bq, which is an order of magnitude less than the total 
amount of directly released 137Cs (1.4 � 1013 Bq) during the same 
period. 
We employed the Regional Ocean Model System (ROMS) to simulate 
the dissolved 137Cs activity considering as sources direct release, river 
discharge, and inflow across the domain boundary. Simulated 137Cs 
activities attributable to direct release were in good agreement with 
measured activities, a result that implies that the estimated direct 
release rate is reasonable. The simulated annual averaged distributions 
of surface 137Cs activity was in good agreement with observations con-
ducted from 2013 to 2016 and were similar among the years; therefore, 
the distribution should be predictable by the simulation provided that 
information on the release rate is available. The simulated results were 
underestimated compared with observations in the area where 137Cs 
activity was less than 10 Bq m  3 in 2015 and 2016. The cause of this 
underestimation is not underestimation of the direct release, but inflow 
across the domain boundary due to recirculation in the North Pacific 
may have been underestimated. No effect of river discharge of 137Cs on 
oceanic 137Cs distributions was detected because the effect of direct 
release remained dominant during the study period. 
Fig. 15. Comparison between measured and simulated surface 137Cs activities in the nearshore and offshore regions.  
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